Abstract: This paper investigates the feasibility of using a soil-lift bio-grouting treatment strategy to improve the mechanical properties of coarse sand with the view of applying it to stone columns/sand piles and rammed earth columns type of applications. A two-phase percolation approach was adopted in this study that included percolating a bacterial suspension Sporosarcina Pasteurii in the first phase and a cementation solution in the second phase. This process was repeated every two treatments. The study reveals that an increase in the number of soil-lifts negatively influenced the mechanical properties of the bio-cemented coarse sand. However, the minimum strength and stiffness achieved (2.8 MPa) in this study was sufficient to mitigate slumping of a soil column that may occur during installation or excessive radial expansion.
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Furthermore, it is shown that a single lift treatment can lead to a very high increase in strength and stiffness (up to 8.9 MPa and 2.3 GPa, respectively). However, calcite distributions within D r a f t
INTRODUCTION
The ground can be improved by many different techniques including densification through blasting, vibration and compaction, pre-compression, addition of admixtures including lime and cement, installation of stiffening columns and several other methods (Mitchell 1981; Mitchell and Jardine 2002; Karol 2003; Gniel and Bouazza 2009; Chu et al. 2013) . Recently, biologically mediated processes have been used for ground improvement to mitigate liquefaction, erosion, and improve hydraulic and strength properties of granular soils Stabnikov et al. 2011) . In particular, microbial induced calcite precipitation (MICP) by urea hydrolysis has been shown to be a viable ground improvement alternative which can mitigate soil liquefaction potential, stabilize coastal sand dunes and slopes, suppress dust, increase bearing capacity of foundations and strengthen soft marine clays (DeJong et al. 2006; Whiffin et al. 2007; Bang et al. 2009; DeJong et al. 2010; Chou et al. 2011; Paassen 2011; Yasuhara et al. 2011; Chu et al. 2012; Montoya 2012; Al Qabany and Soga 2013; Cheng et al. 2013; Soon et al. 2013; Ivanov et al. 2015; Lin et al. 2016 ).
Ureolysis-driven MICP relies mainly on urease-producing bacterial strains such as Sporosarcina pasteurii. MICP occurs by adding urease-producing bacteria into a soil matrix to promote catalysis of urea hydrolysis as described by the following equations (Hammes and Verstraete Deposited calcite on the immobilised bacterial cell surfaces creates cementitious bridges between loose soil particles leading to soil solidification and increase in strength and stiffness (Whiffin et al. 2007; DeJong et al. 2010; van Paassen et al. 2010; Chu et al. 2012; Al Qabany and Soga 2013) .
This paper focuses on the possibility of using a bio-grouting process based on MICP to increase the stiffness and strength of coarse granular soils with the view of applying it to sand piles/stone columns or rammed columns commonly used to improve weak soil sites. The objective of this study is to show the feasibility of treating a coarse sand column using gravity-driven percolation process combined with soil-lift treatments strategy. Various soil-lift strategy (1, 2, 3, 4, and 5 soil lifts) are undertaken to test its applicability to MICP-treated coarse sand columns. The effect of soil-lift strategy on dry unit weight, calcite precipitation content and strength and stiffness of biocemented coarse sand columns is discussed and analysed.
MATERIALS AND METHODS

Bacterial suspension and cementation solution
Urease producing bacteria used was Sporosarcina Pasteurii (ATCC® 11859). A urea 
Sand
The sand used in this study has an average grain size of 1.6 mm. It is classified as poorly graded coarse sand (SP) according to the Unified Soil Classification System (ASTM 2006). Maximum and minimum dry densities measurements were conducted in accordance with ASTM D4253 and D r a f t ASTM D4254, to control compaction of the sand column model. Summary of the sand properties (specific gravity, Gs, coefficient of curvature, Cc, coefficient of uniformity, Cu, the medium grain size, D 50 , maximum and minimum void ratios, e max and e min ) are presented in Table 1 . The sand particles were typically sub-angular in shape and were deemed to be representative of the stone aggregate used for full scale stone columns Bouazza 2009, 2010) . Figure 1 shows a typical column used in the current study. It is made of a split mould Poly Vinyl
EXPERIMENTAL SET-UP AND TREATMENT METHODOLOGY
Chloride (PVC) pipe, 220 mm high and with an internal diameter of 51 mm when assembled together. A wire mesh and filter paper were placed at the bottom of the column to minimise the loss of sand grains during preparation and treatment. The columns were positioned vertically with fully open top and control valve at the bottom. Soil placement was based on the use of various soil lifts and included the option of using 1, 2, 3, 4, and 5 lifts, respectively. Dry coarse sand was pluviated into the specimen mould in individual lifts. Each lift was compacted to a relative density of 60% due to their sub-angular particle shape and poor grading, using a vibratory compaction method. After placement of each soil lift, tap water was flushed through to expel air from the pore matrix.
A two-phase biochemical treatment protocol was adopted in this study and included sequential percolation of bacterial suspensions and cementation solutions from the top of the columns (Cheng 2012) . The process was initiated by alternating percolation of a quarter pore volume The previous processes were considered as two biochemical treatments and repeated up to 16-time, which was equivalent to 32-biochemical treatment. For instance, a three-soil lift was was achieved by dividing the total specimen length (102 mm) by three resulting in a lift thickness of ~33 mm. Five biochemical treatments for each lift was considered to obtain a reasonable improvement of the coarse sand. Once the first soil lift was emplaced it received 5-biochemical treatments based on the determined pore volume of the soil lift. The second lift received also 5 biochemical treatments, but this also means that lift 1 received an additional 5 biochemical treatments. This process was repeated until the final lift (lift 3), which itself received 22 biochemical treatments, resulting in the number of biochemical treatments (referred as NOT)
shown in Figure 2 for each lift. A similar protocol was adopted for the other soil-lift columns.
After completing the biochemical treatments of the soil lifts, the soil columns were percolated with deionized water to remove any residual chemicals from the pore throat of the coarse sand.
The split mould was removed after 24 hours, and then the bio-cemented coarse sand columns were left to cure at a 30 o C temperature for two weeks to accelerate the bio-cementation process and obtain acceptable samples within a reasonable timeframe for experimental works. All the mechanical tests reported in this paper were conducted in a controlled room temperature (20±2 °C). The samples for UCS test were then taken out their split moulds and the absences of the flat surfaces were overcome by using sulphur capping to obtain plane surfaces within 0.05 mm.
Unconfined Compressive Strength (UCS) Tests
After completion of the biochemical treatments and curing periods, the bio-cemented coarse sand columns were subjected to UCS test to quantify any possible increase in strength and stiffness.
An Instron 4204-50kN constant-displacement mode UCS machine and laser extensometer were D r a f t used to conduct the UCS tests. All the tests were carried out at a constant rate of 1%/min to monitor the propagation and observation of the shear failure in the samples. Calcite precipitation was quantified after completion of the UCS tests.
Calcite content
Gravimetric hydrochloric acid (HCL) washing technique was used to measure the amount of calcite precipitation in each column. Sub-specimens were collected from parts (top, middle and bottom) of the biocemented specimens after completion of the UCS tests. They were dried in an oven at 105 °C for 24 hours and then their masses were measured. Next, the specimens were rinsed with 2M HCl to dissolve precipitated calcite and flushed with deionised water to allow the dissolved salts to be rinsed out from the specimens which then were left to dry for 24 hours. The difference between mass before and after acid wash was taken as the mass of calcium carbonate.
The percentage of calcium carbonate was obtained by dividing the mass of calcium carbonate by the mass of coarse sand specimen.
RESULTS AND DISCUSSION
Influence of soil-lift treatment strategy on calcite content of biocemented coarse sand
Figure 3, shows the relationship between the amount of calcite precipitation in three regions (top, middle and bottom) of the bio-cemented coarse sand columns against the number of soil lifts.
Even though the coarse samples were similarly treated in terms of number of biochemical treatments (e.g. up to 32-treatments), they show a variation in the amount and distribution of calcite precipitation. A visual investigation of these specimens was conducted and calcium carbonate was observed as a white deposition on the external surfaces of the coarse sand columns (see Fig.2 ). Calcite precipitation was more abundant toward the bottom portions in all D r a f t specimens with the exception of the one-soil lift specimen, indicating that treating soil lifts technique resulted in a more heterogeneous distribution of calcite within the pore throat of the coarse sand. This is because the number of treatments was less in the upper compared to the lower parts of the soil (i.e.an increase in number of soil lifts resulted in less number of treatments for soil lifts near to the surface of the specimens)
It can be clearly seen from Figure 3 that calcite at the bottom of the (3-5) soil lift specimens was significantly higher than in the top part of these specimens and was twice the precipitated calcite weak resistance, which eventually led to weaker specimens. Shear failures were observed to originate from the interface between the lifts (see figure 5 ), and were primarily dependent on the calcite-calcite contacts as it was observed that a thin layer of calcium carbonate resided onto surfaces of the soil particles (DeJong et al. 2010) . Also, the calcite deposited was relatively weaker than the coarse sand particles due to the heterogeneous distribution of the calcite.
Furthermore, because each lift was vibrated in place, this process might have also resulted in a capillary break which in turn could have affected how the treatment solutions penetrated between lifts. Notwithstanding the above, it can be seen from Fig. 4 that the strength and stiffness of biocemented coarse sand were improved despite the fact that strength and stiffness decreased as the number of lifts increased. The one soil lift treatment technique achieved the highest strength and stiffness (8.8 MPa and 2.27 GPa, respectively).
Effect of soil-lift treatment strategy on dry density of coarse sand bound by microbial activities were observed in the correlations of dry unit weight with strength and stiffness. They reported that part of these variances were due to differences in the initial dry unit weight (van Paassen et al. 2009 ). The core samples that were taken from a large-scale (100 m 3 ) experiment were tested by conducting UCS and showed peak strength varying significantly from 0.7-12.4 MPa (van Paassen et al. 2010) . The current study showed that a considerably high strength and stiffness using MICP-treated coarse sand can be achieved under various number of soil-lift treatment strategies. It is worth noting that dry unit weight increased with decreasing soil-lift number due to some deposited calcite flushing out of the columns. This is due to the vibratory compaction process adopted in this study to achieve the target relative density. Vibratory compaction has led to breakage of the bonds between particles and some of calcite crystals were consequently flushed out when applying treatments to the subsequent lifts.
CONCLUSIONS
MICP method faces many challenges in geotechnical application especially when it is considered as a potential enhancement to engineering properties of deeper soils when stone columns/sand piles or rammed columns are used. Although, bacterial suspension and cementation solution used in the MICP method have a low viscosity, the main practical difficulty resides on how to inject these solutions to the places where improvement is needed. To overcome these complexities, this study experimented utilizing various number of soil lifts. The study reveals that an increase of soil-lift number has a negative influence of the mechanical properties of the bio-cemented coarse sand. However, the improvement obtained was substantially greater than reported in other published studies in which soils with an average grain size less than 1mm were used. The minimum strength and stiffness achieved in this study is enough to mitigate slumping of a soil D r a f t column that may occur during installation or excessive radial expansion during loading and improve rammed columns capacity. Based on the findings from this study, the following conclusion can be drawn 1. Single soil lift column gave more homogenous calcite distribution than multiple soil lifts columns.
2. The main weaknesses in the multiple soil lifts columns were associated with interface between soil lifts.
3. Multiple soil lifts columns resulted in good strength and stiffness improvements in coarse sands and the maximum strength and stiffness was achieved by using one soil lift.
4. Strength and stiffness was dependent on the overall mass of the bio-cemented materials. 
